Abstract In this paper, poly (acrylamide-co-acrylic acid) (P(AM-co-AA)) hydrogel was prepared in an aqueous solution by using glow-discharge electrolysis plasma (GDEP) induced copolymerization of acrylamide (AM) and acrylic acid (AA), in which N,N'-methylenebisacrylamide (MBA) was used as a crosslinker. A mechanism for the synthesis of P(AM-co-AA) hydrogel was proposed. To optimize the synthesis condition, the following parameters were examined in detail: the discharge voltage, discharge time, the content of the crosslinker, and the mass ratio of AM to AA. The results showed that the optimum pH range for cationic dyes removal was found to be 5.0-10.0. The P(AM-co-AA) hydrogel exhibits a very high adsorption potential and the experimental adsorption capacities for Crystal violet (CV) and Methylene blue (MB) were 2974.3 mg/g and 2303.6 mg/g, respectively. The adsorption process follows a pseudo-second-order kinetic model. In addition, the adsorption mechanism of P(AM-co-AA) hydrogel for cationic dyes was also discussed.
Poly (Acrylamide-co-Acrylic Acid) Hydrogel Induced by Glow 
Introduction
Dyes are widely used in the textile dyeing, paper, printing, food, cosmetic and plastic industries. About 10,000 different dyes, weighing approximately 0.7 million tons, are produced annually for various industrial processes [1] . It is estimated that 2% of dyes produced annually are discharged in the effluent from manufacturing operations, while 10% are discharged from the textile and associated industries [2] . Color is the first contaminant to be recognized in wastewater and the presence of very small amounts of dyes in water is highly visible and undesirable [3, 4] . Dye discharged in environmental water bodies could prevent re-oxygenation in waters by inhibiting the penetration of sunlight and reducing photosynthetic action. This disturbs the biological activity of aquatic organisms. The potential of various methods for the removal of dyes from effluents has been explored, and adsorption has been found to be effective compared to flocculation-precipitation, ionexchange, oxidation and biological treatment, because it is easy to handle and has a fast adsorption rate, as well as high efficiencies for some dyes [5] . The most commonly used adsorbent for the removal of various dyes from textile wastewaters is activated carbon, but it is relatively expensive and the adsorption capacity is low [6, 7] .
Recently, novel hydrogel adsorbents such as P(AM-co-AA) [8−10] , CTS-g-PAA/VMT [11] , CTS-g-PAA/ATP [12] , CTS-g-PAA/MMT [13] , GLA-PMAA-CTS [14] , P(AA-co-AM)/ATP [15] , P(AA-AM-MA) [16] , and P(DMAM-co-AANa) [17] have been used to remove dyes from aqueous solutions and they have received further attention owing to their economic advantages and high adsorption capacity. Hydrogels are crosslinked, three-dimensional hydrophilic polymers which can swell several hundred times in relation to their dry volume in water or an aqueous solution without dissolving. Hydrogels contain hydrophilic groups such as -OH, -CONH 2 , -COOH and -SO 3 H that can absorb and trap ionic dyes through ion-exchange, electrostatic attraction, hydrogen bonding, van der Waals force and hydrophobic interaction [16] . In recent years, poly (acrylamide-co-acrylic acid) (P(AM-co-AA)) hydrogels have been prepared with γ-rays irradiation [8, 10] , the UV-curing technique [18, 19] and chemical initiation [15, 20] , which have then been used in the removal of dyes from aqueous solutions. In this work, P(AM-co-AA) hydrogel is prepared in an aqueous solution by using glow-discharge electrolysis plasma (GDEP). The glow-discharge electrolysis is a novel kind of electrochemical process in which the plasma is sustained by a direct current glow discharge between the electrode and the surrounding liquid electrolyte [21] . When a high enough voltage (>450 V) is applied to a liquid, energetic electrons transfer energy to water molecules by collisions, resulting in activation, excitation, dissociation, and ionization. The plasma includes a quasi-neutral mixture of electrons, radicals, and positive and negative ions generated from the electron discharges. As the mixture containing active species such as HO·, H·, and HO 2 · diffuses across the primary zone into the electrolyte, some unusual chemical reactions in the solution would be induced. Singh et al [22] . and Gangal et al [23] . found that the yields of HO· and H· were 7.9-10.6 mol and 9.8 mol for the passage of each mole electron of the electricity in GDEP, respectively. Early reports concerned the synthesis of amino acids [24] , acrylamide polymerization [25] , and soon on. In addition, the GDEP technique has been widely used in the field of water purification [26] , oxidative degradation [27] , and surface modification [28] during the last ten years. However, there is little published work on the synthesis of copolymers [29] . Recently, we have successfully synthesized some copolymers by using the GDEP technique rather than chemical initiation [30−32] . Results indicated that the GDEP could be considered as a rich source of free radicals in an aqueous solution, and can be applied to induce some polymerization reactions.
The aim of the present work is to develop a simple, cost effective and environmentally benign new method for synthesis of P(AM-co-AA) hydrogel as an adsorbent to remove Crystal violet (CV) and Methylene blue (MB) from an aqueous solution. The various experimental parameters affecting optimal adsorption such as discharge voltage, discharge time, content of crosslinker, and mass ratio of AM to AA are investigated in detail. Adsorption pH and kinetics are also investigated.
Experiment

Materials and apparatus
Acrylic acid (AA, chemically pure, Tianjin Guangfu Fine Chemical Research Institute, Tianjin, China) was distilled under reduced pressure before use. Acrylamide (AM, Tianjin Guangfu Fine Chemical Research Institute, Tianjin, China) was used as purchased. The crosslinker N,N'-methylenebisacrylamide (MBA, chemically pure, Shanghai Chemical Reagent Corporation, Shanghai, China) was used as purchased. The two cationic dyes, CV and MB, were supplied by the Jiangsu Sopo Chemical Share-holding Co., Ltd, China. The general characteristics of the two dyes are presented in Table 1 . Other chemicals used were analytical grade and all solutions were prepared with distilled water. The pH was adjusted with 0.1 mol/L solutions of NaOH and HCl.
The experimental apparatus contains a high voltage power supply and a reactor as shown in Fig. 1 . The power supply was a model of the LW100J1 DC power supply (Liyou, Shanghai, China) providing a voltage of 0-1000 V and a current of 0-1000 mA. The reactor was a 250 mL three-necked flask equipped with a reflux condenser, a platinum wire anode with a diameter of 0.5 mm sealed into a glass tube to generate the glowdischarge plasma and a stainless steel cathode with a diameter of 5 mm. Both electrodes were immersed into the solution and the distance between each other was about 20 mm. In addition, the reactor was placed in a temperature-controlled oil bath. There was a magnetic stirring bar at the bottom of the flask to keep the solution mixed well. Table 1 . Chemical structure and some properties of cationic dyes 
Synthesis of P(AM-co-AA) hydrogel
In a 250 mL three-neck flask, 4 g AM with 0.3wt% of MBA was dissolved in 30 mL of distilled water. To dissolve completely, the mixture was stirred for 20 min at 45
• C. Then, 6 g of AA was added to the flask for 10 min. After that, the electrodes were immerged into the mixed solution to start the GDEP stirring at 650 V and 45
• C for 120 s. After the discharge, the reaction mixture was stirred at 75 o C for an additional 12 h, which was called the post polymerization reaction, followed by cooling the product to room temperature. The product was removed from the flask and cut into small pieces with scissors into lengths of about 2-5 mm, and then treated with NaOH to neutralize 90% of the carboxylic groups of the grafted poly(acrylic acid). Finally, the resulting product was washed several times with distilled water to remove the unreacted monomers, dewatered with methanol, and dried in a vacuum oven at 60 o C to a constant weight. P(AM-co-AA) hydrogels were obtained, then milled through a 100-mesh sieve for testing the adsorption properties.
Characterization
Fourier transform infrared spectroscopy (FT-IR) of P(AM-co-AA) hydrogel was recorded on a DIGILAB FTS 3000 FT-IR spectrophotometer (USA) with a KBr pellet in the range of 4000-400 cm −1 . Absorbance measurement of dyes was recorded on an UV757CRT Ver 2.00 spectrophotometer (Shanghai, China) in the range from 200 nm to 800 nm. All pH measurements were performed with a pH-211 Model pH meter (Hanna, Italy).
Adsorption studies
Optimal copolymerization conditions
In order to obtain the optimal reaction conditions, batch adsorption experiments were performed: 0.0300 g of the hydrogel was added to 80 mL of 1000 mg/L dye solution at pH = 5.7 for 12 h with a shake of 120 rpm at room temperature, then, the mixture was filtered and the dye concentration was determined by UV spectrophotometer. All the adsorption experiments were performed in triplicate to diminish analysis error and the mean value was used for each set of values. The adsorption capacity (q) was calculated by the following equation [10] :
where q is the adsorption capacity of cationic dye (mg/g), C 0 and C are the concentrations of the dye in the aqueous phase before and after the adsorption, respectively (mg/L); V is the volume of the aqueous phase (L) and m is the amount of dry hydrogel used (g).
Effect of pH on adsorption
The pH value of each dye solution was adjusted with 0.1 mol/L HCl and NaOH solution. A mixture containing 0.0300 g of the hydrogel and 80 mL of the dye solution (1000 mg/L, pH = 2-12) was shaken for 12 h using a shaker with 120 rpm at 25 o C. The absorbance of dye was determined by UV spectrophotometer and the adsorption capacity was calculated using Eq. (1).
Adsorption kinetic
A mixture containing 0.0650 g of P(AM-co-AA) hydrogel and 200 mL of the dye solution (1000 mg/L, pH = 5.62) was shaken using a shaker with 120 rpm at 25 o C. The samples were taken out at the desired timeinterval, then filtered and the solution was determined using the UV spectrophotometer. The adsorption capacity (q) was calculated using Eq. (1).
Results and discussion
Copolymerization mechanism of AM and AA
The GDEP is a rich source of energetic species, which contains hydrated electrons (e − aq ), radicals (HO·, H·, HO 2 ·), ions (H 2 O + gas ) and molecules such as H 2 , H 2 O 2 and O 2 . It is noteworthy that the whole process takes place in the aqueous solution, which can initiate some uncommon chemical reactions. In the analysis of the copolymerization of P(AM-co-AA) hydrogel initiated by pulsed corona discharge, Malik et al. [29] pointed out that the pathway may be similar to that given by a chemical initiation and γ-ray irradiation, that is, the hydroxyl free radical (HO·) plays a main role. In our previous works [30−32] , we also approved of this explanation. That is to say, HO· in GDEP can induce a copolymerization between AM and AA to form P(AM-co-AA) hydrogel, just as illustrated in Scheme 1. At first, water molecules absorb enough energy from plasma to produce many energetic species including HO· and H· (1) . Such energetic species attack further AM and AA molecules, then form new AM and AA radicals (a). Due to the excess of H 2 O, reaction (2) provides the predominant route for producing the radicals of (a). Sengupta et al. [25] studied the acrylamide polymerization and Kokufutaet et al. [33] reported some reactions of aliphatic carboxylic acids induced by GDEP, and suggested that radicals (HO· and/or H·) could add to the double bond to form an unpaired spin on the other side of a vinyl bond. Just as shown in Scheme 1, the AM and AA monomers are in close vicinity of reaction sites, being acceptors of radicals (a), resulting in the propagation of a branched chain (3) to form radicals (b). The reaction between radicals (H· and HO·) and polymer chains is ignored in this stage, owing to the formation of hydrogel to cease from further reaction [29] . Meanwhile, homopolymerization of AM or AA could also occur in reaction (3). In the above stages, the homopolymer radicals, copolymer radicals, and crosslinker MBA are coexisting, which make the crosslinking copolymer form (4), which is then treated with sodium hydroxide to neutralize in part the carboxylic groups of poly (acrylic acid). Finally, the resulting product is obtained. As can be seen from Scheme 1, the HO· radicals generated by GDEP in the aqueous solutions can be linked to the polymer chains, so the superabsorbent hydrogel has better hydrophilicity. 
Optimization of polymerization conditions
The variables affecting the GDEP-polymerization can be divided roughly into two parts: those from the plasma source, such as discharge voltage and discharge time; while the others are linked to the common polymerization, i.e., the mass ratio of AM to AA, and the amount of crosslinker etc. In the present work, the adsorption capacities of CV and MB were chosen as a reference in the following discussion. Fig. 2(a) shows a typical current-voltage characteristic in a mixture solution containing AA and AM, which can be divided into several sections. In the linear section AB, 0-240 V, Ohm's law was approximately obeyed and conventional electrolysis occurred with small bubbles of gas leaving the anode. At point B, the smooth evolution of bubbles was interrupted and a pulsing of steam and small flashes of light were seen at the anode. V B was termed as the breakdown voltage. Between B and C, 240-440 V, the current starts to decrease with the applied voltage due to the vapor sheath forming around the pointed anode. The readings of both current and voltage fluctuated wildly and this may be termed the unstable region. In the section CD, 440-580 V, the current and voltage readings were suddenly stabilized. This section was discovered by Kellogg and has conveniently been designated the Kellogg region. At the DE region (580-740 V), the violet glow increased steadily in intensity with the rising voltage; this appears to be a true glow-discharge region. However, if the voltage was too high (>740 V), it would consume energy and destroy the anode. A photograph of the brilliant glow discharge at 650 V is shown in Fig. 2(b) . The effect of the discharge voltage on the adsorption capacity of dyes was studied from 580 V to 670 V, and the results are shown in Fig. 3 . The dye's adsorption capacity increased continuously with increasing the voltage from 580 V to 650 V, and then decreased with the further increase of the voltage. This is attributed to the fact that, in the lower discharge voltage, it is not feasible to form a well-ordered, three-dimensional network structure; the hydrogel will dissolve in the dye solution. With the increase in voltage, the yield of energetic radicals will increase. These radicals attack the AA and AM molecules creating more AA and AM radical sites onto which AA and AM monomers addition takes place. However, over 650 V, the adsorption capacity of dyes decreases because of the presence of a large number of HO·, H· radicals, which may terminate the growing chain of three-dimensional network structures by oxidation [30] . Thereby, 650 V was chosen as the discharge voltage in this study. Fig.3 Effect of discharge voltage on dye adsorption by P(AM-co-AA) hydrogel (discharge time, 120 s; mass ratio of AM to AA, 4:6; crosslinker content, 0.3%)
Effect of discharge voltage on adsorption capacity
Effect of discharge time on adsorption capacity
The effect of the glow discharge time on the dye adsorption capacity was studied by varying the time from 30 s to 180 s, and the results are shown in Fig. 4 . With increasing the discharge time from 30 s to 120 s, the dye adsorption capacity increased. However, with a further increase in the time, a decrease in the adsorption capacity was observed. This is because a lower discharge time (less than 120 s) is not beneficial to completed copolymerization due to the amount of free radicals not being enough; over 120 s, large numbers of monomer radicals and chain radicals lead to the transfer and termination of copolymerization, meanwhile, an excess of HO·, H· radical can destroy the network structure of the polymer [31] . Thus, 120 s was chosen as the discharge time in this study. Effect of discharge time on dye adsorption by P(AM-co-AA) hydrogel (discharge voltage, 650 V; mass ratio of AM to AA, 4:6; crosslinker content, 0.3%)
Effect of MBA content on adsorption capacity
The content of crosslinker based on the total weight of AA and AM plays a very crucial role in the adsorption of dye. Fig. 5 showed the optimum crosslinker content was 0.3%. The increment in adsorption capacities between 0.2% and 0.3% was due to the greater availability of MBA and thus a large incorporation of crosslinker molecules into the backbone formed an efficient network structure. However, over 0.3%, the adsorption capacity was decreased due to an excess of crosslink points formed during the polymerization, causing chain entanglement and the degree of swelling decrement, and consequently decreasing the space for the dye to enter [32] . Thereby, a 0.3% cross linking-agent was appropriate. The effect of the mass ratio of AM to AA on the dye adsorption capacity is shown in Fig. 6 . It has been found that the adsorption capacities increased with increasing the AM content from 1:9 to 4:6, but beyond 4:6, the adsorption capacities decreased again. Similar results were observed in the study of clay-based superabsorbent composite [34] . The increment in adsorption capacities from 1:9 to 4:6 is because the collaborative effect of -CONH 2 , -COONa and -COOH groups is superior to that of single -CONH 2 , -COONa or -COOH group. When the -CONH 2 , -COONa and -COOH groups on the hydrogel cooperate in a suitable ratio, the repelling action between ions will reduce and the higher water absorbent ability will be produced [35] , consequently, a higher dye adsorption capacity will occur. However, a further increase in the AM content led to an exponential decline of dye adsorption. This observation may be interpreted as follows: on one hand, more AM molecules could be available in the near of the chain propagating sites of AA radicals, which decreases the amounts of -COOH groups and then the adsorption capacity is dropped. On the other hand, less Na + ions are generated in the polymeric network owing to the neutralization of poly(acrylic acid) in the hydrogel. Consequently, the osmotic pressure difference between the polymeric network and the external dye solution decreased, which also results in the lower adsorption capacity of P(AM-co-AA) hydrogel. Thus, a 4:6 mass ratio of AM to AA was chosen in this study. To sum up the above information, the optimum conditions for a higher adsorption capacity are as follows: discharge voltage 650 V, discharge time 120 s, crosslinker content 0.3%, and mass ratio of AM to AA 4:6. In the next section, we use the optimum conditions of the prepared P(AM-co-AA) hydrogel as a typical example to characterize the structure, and study the effect of pH on the dye adsorption capacity and the adsorption kinetics.
FT-IR analysis of P(AM-co-AA) hydrogel
Fig . 7 illustrates the FT-IR spectra of AA, AM and P(AM-co-AA) hydrogel, respectively. It can be clearly seen that the peaks at 1632 cm −1 and 1612 cm −1 assigned to the C=C in AA and AM disappeared after copolymerization, and the peak around 1674 cm −1 in P(AM-co-AA) hydrogel was assigned to the overlapped stretching vibration of the carbonyl group from both AA and AM, as well as the NH bending. In addition, the peak of the carbonyl of acrylic acid shifted from 1706 cm −1 to 1674 cm −1 , and two new peaks relating to the acrylate at 1560 cm −1 and 1407 cm −1 appeared in the polymerization. These two additional peaks confirm the ionization of acrylic acid in the sodium hydroxide solution. The peak at 1136 cm −1 attributed to C-N absorption in the AM shifted to 1116 cm −1 in the P(AM-co-AA) hydrogel. The much broader absorption peaks in the regions of 3100 cm −1 to 3500 cm −1 in P(AM-co-AA) hydrogel were overlapping the -OH and -NH stretching. The reason for this wide peak may be explained by hydrogen bonding between the molecules. All results indicated that the copolymerization had occurred and the monomers such as AM and AA had been incorporated into the hydrogel system. Fig. 8 shows the effect of pH on the adsorption capacity of the hydrogel for CV and MB. There was a sharp transition when the pH value was increased from 2.3 to 4.3; then, it was not significantly altered beyond pH 4.3. Two possible mechanisms of dye adsorption may be considered. One is the electrostatic interaction between the negative adsorption site of the adsorbent (-COO − ) and the positively charged dye. The other is the hydrogen bonding interaction between -OH or -COOH groups of polymer chains and the amine groups (-NR 2 ) of the CV and MV [15] . Since the pK a of AA is 4.3 [8] , the degree of ionization of the carboxyl group is little, at a pH lower than pK a , and most of the carboxyl group exists in the -COOH form, which may form strong hydrogen bonds with the -NH 2 of the polymer chains. Moreover, the hydrogel is shrunken and in a collapsed status because of the hydrogen bonding and the hydrophobic interaction [16] . As a result, it is difficult for dye molecules to diffuse into the inner of hydrogel at lower pH and the adsorption capacity of the hydrogels decreased. However, at pH = 2.3, the adsorption capacity of the hydrogels is beyond 600 mg/g; that is to say, at a pH lower than 2.3, the adsorption is still very high, which can be explained by considering the formation of hydrogen bonding between the amino groups (-NR 2 ) of Fig.8 Effect of pH on dye adsorption by P(AM-co-AA) hydrogel the dyes and the -COOH and -OH groups of the P(AMco-AA) hydrogels [10, 15] . In contrast, at a pH greater than the pK a of AA, the dyes(D-Cl) are first dissolved, dissociated and converted to cationic dye ions.
Effect of pH on adsorption capacity
Also, the R-COO -of the P(AM-co-AA) hydrogel were dissociated.
The adsorption process then proceeds due to the electrostatic attraction between these two counter ions:
However, in the presence of H + , the low adsorption of dye in an acidic solution is also due to the protonation of carboxylic groups (R-COO -) in P(AM-co-AA) hydrogel.
A similar result was reported for the adsorption of Malachite green by rice straw-derived char [36] , a cyclodextrin-based material [37] , and for the removal of Crystal violet by poly(acrylic acid-acrylamidemethacrylate) [16] .
Adsorption kinetic of P(AM-co-AA) hydrogel
Fig . 9 shows the changes of the shape and color of typical P(AM-co-AA) hydrogels. The dry hydrogel (a) was hard and milk-white in color, but after 12 h in distilled water, it became very soft, larger and colorless ( Fig. 9(b) ). The hydrogel gives the best absorbency of 522 g/g in distilled water. However, after the hydrogel sample was immersed into CV and BM solutions for 12 h, both the color and shape of the hydrogel sample changed. The hydrogel sample became bulgy due to the slight swelling and dark violet (in the CV solution) (Fig. 9(c) ) or blue (in the MB solution) (Fig. 9(d) ). This phenomenon further confirmed that the hydrogels prepared by GDEP had adsorbed cationic dyes.
To investigate their adsorption properties, the hydrogel samples were left in dye solutions and their capacities were determined at different time intervals. Changes in adsorption capacities with time are given in Fig. 10 . It can be seen that adsorption rates are very fast within the first 60 min, which slowly declined and finally leveled off after 4 h.
Kinetic studies can be beneficial to understand the mechanism of the dye adsorption process and judge the performance of the adsorbent. In order to investigate the mechanism and rate-controlling step in the overall adsorption process, three kinetic models, the pseudofirst-order kinetics model, the pseudo-second-order kinetics model and the intra-particle diffusion model were used to test kinetic experimental data. The pseudo-first-order kinetic model is given as:
where q e and q t (mg/g) are the amounts of dye adsorbed on the adsorbent at equilibrium and at any time t (min), and k 1 (min -1 ) is the rate constant of the pseudo-firstorder adsorption. The value of the adsorption rate constant k 1 is determined from the linear plot of log(q e −q t ) against t. In many cases, the pseudo-first-order kinetic model does not fit well to the whole range of contact time and is generally only applicable over the initial stage of the adsorption processes [38] . The pseudo-second-order kinetics model is expressed as
where
is the rate constant of the pseudo-second-order equation. The values of k 2 and q e can be obtained from the slope and intercept of the plot of t/q t against t. The pseudo-second-order equation is more likely to predict the behavior over the whole range of adsorption and is in agreement with the chemisorption mechanism being a rate-controlling step [37, 38] . An intraparticle diffusion equation is introduced to indicate the behavior of intraparticle diffusion as a ratelimiting step. The intraparticle equation could be described as
where I is the intercept and k int is the intraparticle diffusion rate constant (mg·g
. A linear plot of q t versus t 1/2 will give the intercept, which obtains an idea about the thickness of the boundary layer on the adsorbent surface. The larger the value of I, the greater the boundary layer effect. The plot of adsorption should be linear when intraparticle diffusion is involved in the adsorption process. Moreover, intraparticle diffusion is the rate controlling step when the lines of adsorption pass through the origin [37] . Fig. 11 illustrates the linear-fitting plots of the pseudo-first-order (a) and pseudo-second-order (b) models, respectively. By comparing (a) and (b), it is obvious that the pseudo-second-order kinetics model fits the experimental data better than the pseudo-firstorder model for the entire adsorption period. The rate constants, calculated amounts of adsorption equilibrium and correlation coefficients for the two models are presented in Table 2 . The correlation coefficients R 2 for the pseudo-first-order adsorption model are low in some cases (0.9411 for CV, 0.9512 for MB); moreover, the calculated q e values (300.2 mg/g for CV, 908.9 mg/g for MB) obtained from this kinetic model are too low compared with experimental q e values (2974.3 mg/g for CV, 2303.6 mg/g for MB). This finding suggests that the adsorption process does not follow the pseudofirst-order kinetic model. However, the correlation coefficients R 2 for the pseudo-second-order model have an extremely high value (1 for CV, 0.9994 for MB), and its calculated equilibrium adsorption capacities q e (2994.0 mg/g for CV, 2331.0 mg/g for MB) are consistent with the experimental data (2974.3 mg/g for CV, 2303.6 mg/g for MB). These results imply that the pseudo-second-order adsorption mechanism is predominant and that the overall rate of the two dyes adsorption process appears to be controlled by the chemisorption process. Similar results were previously reported by Liu et al. [11] , Crini et al. [37] , and Chiou et al. [38] for adsorption cationic dyes onto CTS-g-PAA/VMT, a cyclodextrin-based material and chemically cross-linked chitosan beads, respectively. Fig. 12 shows the adsorption capacity versus t 1/2 for intraparticle transport of dyes by P(AM-co-AA) hydrogel. As can be seen from Fig. 12 , the plots of q t against t 1/2 consist of two linear sections with different slopes. The results show that the plots present a multilinearity, which indicates that two or more steps occur in the adsorption process. The first linear part could be due to the entry of dye molecules into the P(AM-co-AA) hydrogel by intraparticle diffusion. The second linear part represents the final equilibrium stage. It can also be observed that the plots did not pass through the origin (I = 0); this was indicative of some degree of boundary layer control and this further shows that the intraparticle diffusion is not the only rate-limiting step, but other processes might control the rate of adsorption simultaneously. A similar multilinearity has been observed in other systems, e.g., for the dye adsorption on a cyclodextrin-based adsorbent [37] and a chitosanbased adsorbent [39] . Table 3 . It shows that the P(AMco-AA) hydrogel studied in this work has a very large adsorption capacity. This suggests that the P(AM-co-AA) hydrogel can be considered a promising adsorbent for the removal of CV and MB from aqueous solutions. In addition, the higher adsorption capacities indicate once again that the GDEP technique can be applied to induce the polymerization reaction as a rich source of free radicals in an aqueous solution and can introduce plenty of HO· on the chain of copolymerization.
Proposed adsorption mechanism
As can be seen from Table 3 , the P(AM-co-AA) hydrogel produced by GDEP has a very large adsorption capacity. Based on the above discussion, it could be proposed that the adsorption of P(AM-co-AA) hydrogel for dyes via a mechanism of combined swelling and electrostatic interaction, hydrogen bonding, van der Waals and hydrophobic interaction [16] . Among these forces, hydrophobic interactions and van der Waals have been commonly recognized as hydrogel adsorbents [37] . The possible adsorption mechanism can be simply represented in Scheme 2.
Scheme 2. Possible interaction process between dye molecule and P(AM-co-AA) hydrogel
The adsorption was strongly pH-dependent (Fig. 8 ) and the variations with pH suggest that the carboxylic sites were responsible for dye binding through electrostatic interactions [16, 37] . These groups have a tendency to form salts with dye cation, showing that the affinity between the dye and adsorbent is of a chemical nature. The higher swelling of the hydrogel allows for dye molecule diffusion through the network structure due to the electrostatic and hydrophobic interactions between the dye molecules and the hydrogel, therefore, the adsorption is very high. But the hydrogel possesses abundant hydroxyl groups in the process of GDEP; at a pH below 2.3, the adsorption is still very high (Fig. 8) , which can be explained by considering the formation of hydrogen bonding [8, 15] between the amino groups of the dyes and the hydroxyl groups of the P(AM-co-AA) hydrogels (Scheme 2).
The adsorption of dyes for the P(AM-co-AA) hydrogel was found to be rapid at the initial period of contact time (suggesting rapid surface adsorption), which then became slow and stagnant with the increase in contact time (Fig. 10) . Kinetic studies showed that the adsorption followed a pseudo-second-order kinetic model, indicating that the chemisorption might be the rate-limiting step that controls the adsorption process. It was also observed that the modeling of intraparticle diffusion showed a contribution of film diffusion on the control of adsorption kinetics; however, intraparticle diffusion was not the dominating mechanism (the multilinearity indicated that two or more steps occur in the adsorption process), so the adsorption mechanism is a complex multistep process. CTS-g-PAA/VMT Chemical initiator -1683.70 [11] CTS-g-PAA Chemical initiator -1869 [12] CTS-g-PAA/ATP Chemical initiator -1843 [12] CTS-g-PAA/MMT Chemical initiator -1857 [13] P(DMAM-co-AANa) Chemical initiator 320 800 [17] The difference in the adsorption capacity may mainly be attributed to the chemical structure, molecular size of dye molecules and the solubility of each dye (Table 1). The results show that CV adsorbs more efficiently on P(AM-co-AA) hydrogel than MB, suggesting that the lower solubility, bigger chain dimension and lower branched chain do completely penetrate the particle, and that the dye was preferentially adsorbed; a similar phenomenon was reported previously by Wong et al. [40] for the adsorption of acid dyes on chitin.
Conclusion
The GDEP induced copolymerization of AM and AA was carried out in the presence of MBA in an aqueous solution. The optimum conditions are given below: 650 V of discharge voltage, 120 s of discharge time, 4:6 mass ratio of AM to AA, and 0.3wt% of MBA. The adsorption capacities are affected significantly by the pH, contact time. The results show that the dye adsorptions are much higher in neutral solutions than those in acidic conditions, and the optimum pH is 5.0-10.0. The adsorption kinetics results show that near equilibrium was attained within 4 h of the contact time. Kinetic studies showed that adsorption followed a pseudosecond-order model with a multi-step diffusion process and that the rate-limiting step may be chemisorption. All the results suggest that P(AM-co-AA) is very adsorbent and has the potential for the highly efficient removal of cationic dyes from an aqueous solution. In addition, the higher adsorption capacities indicate once again that the GDEP technique can be applied to induce the polymerization reaction as a rich source of free radicals in an aqueous solution and can introduce plenty of HO· on the chain of copolymerization.
